Oryza diploid species comprise AA, BB, CC, EE, FF, and GG genome groups. Cultivated rice, O. sativa L. of the AA genome, has two subspecies, indica and japonica. These two subspecies are differentiated in many characteristics, such as the number of nucleolar sites, annual-perennial habitat and polymorphism of plastid DNA. Although many researchers accept that japonica must originate from O. rufipogon, the evolutionary route of indica remains unclear. A 69-bp deletion in ORF100 is useful to discriminate between indica and japonica cultivars and between O. nivara and O. rufipogon; furthermore, PSID sequences of O. sativa-O. rufipogon complex contain hyper-variable sites consisting of C and A mononucleotide repeats, which are useful to classify wild accessions and cultivars into the six subtypes of 6C7A and 7C6A (japonica and O. rufipogon), 6C8A and 7C7A (O. nivara), 8C8A and 9C7A (indica). The 69-bp deletion is shared with O. nivara (6C8A, 7C7A) and indica (8C8A, 9C7A) but the 8C8A subtype is found only in indica. To elucidate variations of plastid DNA in the genus Oryza and cytoplasmic origin of indica, we compared two plastid sequences, ORF100 (676 bp) and PSBZ (629 bp), in 40 accessions of 14 Oryza diploid species. Sequence comparison showed that FF and GG genome species were distantly related to AA genome species. Both BB and CC genome species were related with AA genome species but were mutually differentiated. An evolutionary trace of ORF100 and PSBZ sequences indicated that O. barthii might have a consensus sequence among all AA genome species. Both O. longistaminata and O. glumaepatula were highly related with O. barthii; the O. sativa-O. rufipogon complex showed more various polymorphisms than other AA genome species. The results of this study show that 8C8A and 9C7A subtypes of plastids in indica cultivars are differentiated from 6C8A and 7C7A subtypes in O. nivara, despite sharing the same deletion in ORF100. In addition, 6C7A and 7C6A subtypes in japonica cultivars and O. rufipogon share identical sequences in PSBZ but differentiate at two SNP sites in ORF100.
Introduction
The polymorphism of plastid DNA has been recognized as a good molecular marker for drawing a framework of plant systematics, especially for an out-crossing or "complex" species because, in almost all plant species, plastid DNA shows maternal inheritance without genetic recombination between plastid DNAs from both parents. This is an advantage for plastid and mitochondrial DNA markers to analyze the maternal lineage of plant species, in spite of the lack of information for paternal lineages. The Oryza genus is composed of six diploid genomes: AA, BB, CC, EE, FF, and GG (Vaughan et al. 2003) . Asian cultivated rice, O. sativa L., one of seven AA genome species, has been classified into two subspecies, indica and japonica, and japonica cultivars were further divided into two ecotypes, temperate and tropical japonica, according to many morphological and physiological traits (Kato et al. 1928 , Oka 1953 , 1958 , Morishima and Oka 1981 , Glaszmann 1985 , 1987 . These two subspecies were independently domesticated from wild ancestral species (Chen et al. 1993 , Yamanaka et al. 2003 , Londo et al. 2006 , Kwon et al. 2006 , Kawasaki et al. 2007 ). The wild relatives of O. sativa are O. rufipogon and O. nivara, which respectively show perennial and annual habitats. These two species are considered to form the O. rufipogon-O. nivara complex because they cross mutually and show continuous variations in phenotype and habitat. Although many studies using DNA markers support that the O. rufipogon-O. nivara complex is the probable gene pool for the origin of indica and japonica cultivars (Khush 1997) , the detailed evolutionary route of indica is not fully understood.
Cultivars of indica and japonica subspecies have been distinguished using RFLP analysis of plastid DNAs (Ishii et al. 1988, Dally and Second 1990) . Kanno et al. (1993) sequenced one (Pst-12) of the RFLP markers and identified a 69-bp deletion between 13-bp tandem repeats within ORF100 of plastid DNA. Chen et al. (1993 Chen et al. ( , 1994 reported that the ORF100 deletion and non-deletion types highly correlated with indica and japonica cultivars, respectively. In addition, deletion and non-deletion types were found respectively in wild accessions with O. nivara and O. rufipogon. Based on those results, Chen et al. (1993) proposed that plastid DNAs of indica and japonica types had been differentiated within the O. rufipogon-O. nivara complex. Nakamura et al. (1997) proposed that the plastid subtype identity (PSID) sequence, a linker between rpl16 and rpl14 genes, was useful to characterize plastid DNAs of higher plants using a pair of common primers. The PSID sequences (109 bp) of O. sativa-O. rufipogon complex were differentiated only at a single hyper-variable site into six different subtypes, which were shown simply in the numbers of C and A nucleotides (Nakamura et al. 1998 , Ishikawa et al. 2002a , 2002b . Accessions with four plastid subtypes (6C8A, 7C7A, 8C8A, 9C7A) shared the ORF100 deletion type plastid, whereas accessions containing two subtypes (6C7A, 7C6A) harbored the non-deletion type plastid.
The full plastid DNA sequence of 'Nipponbare' that was determined by Hiratsuka et al. (1989) was revised by Tang et al. (2004) . 'Nipponbare' and 'PA64S' contained the same complete DNA sequences for the whole plastid genome. In all, 106 events for insertions/deletions (indels) and base substitutions were found among O. sativa japonica cultivar 'Nipponbare', indica cultivar '93-11' (Tang et al. 2004) and O. nivara SL10 (Masood et al. 2004) . The highest frequency of seven events (indels and substitutions) per 1 kb was found in the region around the psbZ gene, whereas the average frequency of events was 0.7 event/kb in the entire plastid DNA.
For this study, we compared two plastid sequences, ORF100 between trnS and psbD, and PSBZ between psbZ and trnM, in 40 accessions of 14 Oryza diploid species. This study was intended to elucidate (1) variation of two plastid DNA sequences in the genus Oryza and (2) cytoplasmic origin of indica.
Materials and Methods

Plant materials and DNA extraction
Fourteen accessions of O. sativa-O. rufipogon complex, including O. nivara with different PSID subtypes, were used in this study (Table 1 
DNA extraction and PCR
Leaf materials in 2-ml plastic tubes were frozen with liquid nitrogen and crushed into fine powder using a MultiBead Shocker (Yasui Kikai Co., Japan). Total genomic DNA was extracted from 100 mg of leaf tissues using the CTAB method (Doyle and Doyle 1987) . Two rice plastid DNA sequences, ORF100 between trnS and psbD, and PSBZ between psbZ and trnM, were determined using PCR amplification followed by direct sequencing. The DNA fragments containing ORF100 and PSBZ regions were amplified from total DNA using PCR with pairs of primers: orf5P (5′-GCCGCTTTAGTCCACTCAGCCATC-3′) -orf3P (5′-TCAATGCCTTTTTTCAATGGTCTC-3′) and psbZ5P (5′-TATTTGCTTCTCCTGATGGTTGGT-3′) -trnM3P (5′-GAGCGGAGTAGAGCAGTTTGGTAG-3′), respectively ( Fig. 1 ). These primers were designed based on the complete sequence of the plastid genome in O. sativa 'Nipponbare' (Genbank accession no. X15901). PCR amplification for this study was performed using ExTaq DNA polymerase (TaKaRa Co., Japan) according to the manufacturer's instructions. The PCR included 40 cycles of 94°C for 1 min denaturation, 58°C for 1 min annealing, and 72°C for 2 min elongation in a thermocycler (PTC200; MJ Research, USA).
The amplified PCR products were subjected to 1.2% agarose gel electrophoresis and purified using a QIAquick PCR Purification Kit (Qiagen Inc., USA). The purified PCR products were sequenced directly with the same primers used for the initial amplifications, utilizing an automated DNA Sequencer (ABI3100; Applied Biosystems, USA) with a Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems).
Sequence analysis
Four complete sequences of plastid genomes were taken from the DNA database: O. sativa 'Nipponbare' (X15901); '93-11' (AY522329); 'PA64S' (AY522331); and O. nivara SL10 (NC_005973). Both '93-11' and 'PA64S' were paternal (indica) and maternal (japonica) parents of Chinese super hybrid rice 'LYP9'. The sequences of ORF100 (676 bp) and PSBZ (629 bp) regions were determined in 40 accessions ( Table 1 ). The determined sequences were analyzed using the NCBI web-based Blast server (Altschul et al. 1990 ) and aligned using CLUSTAL W (Thompson et al. 1994 ) with manual refinement. Phylogenetic analyses of the combined sequences of ORF100 and PSBZ regions were conducted using maximum parsimony analysis and bootstrap assessment with 500 replicates of the MEGA4 (Tamura et al. 2007) , which was obtained from a website (http://evolgen.biol.metro-u.ac.jp/MEGA/).
The ORF100 and PSBZ sequences described in this paper have been deposited in the DDBJ DNA database: accession nos. AB366654-AB366728 and AB368449-AB368485, respectively.
Results
Amplified products of ORF100 and PSBZ regions on plastid DNA When amplified products of the ORF100 region were subjected to 1.2% agarose gel electrophoresis, accessions of O. sativa-O. rufipogon complex with PSID subtypes, 6C8A, 7C7A, 8C8A, and 9C7A, contained shorter products than accessions with 6C7A and 7C6A, These size differences of PCR products represented a 69-bp deletion within ORF100. Aside from these accessions, the sizes of PCR products containing ORF100 fragments were similar among AA, BB, CC, EE, FF and GG genome species. In the PSBZ region, the PCR products showed no size differences, but two accessions of O. brachyantha showed shorter products.
Comparison of sequences in ORF100 and PSBZ regions
The PCR products containing ORF100 or PSBZ regions were purified and then subjected to direct sequencing. The determined sequences of ORF100 and PSBZ were 676 bp between 7956 bp and 8631 bp and 629 bp between 12077 and 12705 based on the plastid sequence of japonica 'Nipponbare' (Fig. 1) . Through sequence comparison of the ORF100 and PSBZ regions, 39 polymorphic sites, consisting of 19 single nucleotide polymorphisms by base substitution (SNPs), 12 slippage mutations of one or two nucleotides on the junction between mononucleotide repeats (SLIPs; AACCC vs. AAACC), and 8 INDELs (Table 2 and Table 3 ). O. sativa 'Nipponbare'. A: Sequence (676 bp) of ORF100 region between trnS and psbD was amplified and sequenced using primers, orf5P and orf3P. Accessions of indica and O. nivara had a deletion (69 bp) within ORF100. B: Sequence (629 bp) of PSBZ region between psbZ and trnM was amplified and sequenced using primers, psbZ5P and trnM3P. φtrnG: pseudogene. In this study, AA, BB, and CC genome species had similar sequences in both OFR100 and PSBZ regions. Actually, GG and FF species contained species-specific polymorphic sites to each species in these two regions. Although the sequence of EE species in ORF100 was unique, that in PSBZ was identical to that of AA species, except for one site of SNP. In addition, three SNP markers, 72T in ORF100, and 329C and 573T in PSBZ were respectively species-specific to plastid DNA of O. officinalis, O. rhizomatis, and O. eichingeri in the CC genome species (Table 2 and Table 3 ).
Phylogenetic analyses of ORF100 and PSBZ sequences using MEGA4 software The aligned and combined DNA sequences of ORF100 and PSBZ regions were subjected to maximum parsimony analysis of the MEGA4. A phylogenetic tree was constructed for the combined sequences (Fig. 2) . The positions of EE, GG, and FF genome species were independently located distant from the AA genome species. The BB and CC genome species were mutually differentiated from the same branch with high bootstrap value and were closely related to AA genome species. Within the AA genome species, relationships among species and accessions were very complicated and showed a low bootstrap value on the phylogenetic tree (Fig. 2) ; therefore, these two plastid sequences were compared in detail among accessions of the AA genome species.
Evolutionary trace of ORF100 and PSBZ sequences within AA genome species
We found that O. barthii contained consensus sequences for both regions within all AA genome species when ORF100 and PSBZ sequences of AA genome species were aligned. The only unique sequences of each accession are summarized in Table 4 . O. meridionalis contained six unique polymorphic sites in ORF100 and one in PSBZ. O. longistaminata and O. glumaepatula showed high homology with the consensus sequence of O. barthii. Only one or two sites were differentiated among accessions of these three species. Interestingly, w0643 of O. longistaminata and w1185 of O. glumaepatula shared the same sequences.
The PSID subtypes were correlated with variations in ORF100 and PBSZ sequences within the O. sativa- Fig. 2 . Phylogenetic trees constructed by maximum parsimony analysis of MEGA4 software based on the combined sequences of ORF100 and PSBZ. Names of accessions and genome symbols are listed in Table 1 and numbers indicate bootstrap values (percentage) with assessment of 500 replicates. O. rufipogon complex, although no obvious relationship of the PSID subtype with ORF100 and PSBZ sequences was found in other AA genome species or BB and CC species. Further, O. sativa-O. rufipogon complex contained more variable ORF100 and PSBZ sequences than other AA genomes. Also, O. nivara accessions with 6C8A and 7C7A plastid subtypes had a different PSBZ sequence from indica with 8C8A and 9C7A subtypes, although they shared the deletion in the ORF100. One accession (w1958) with 9C7A subtype of O. rufipogon showed the same ORF100 and PSBZ sequences as those of indica. O. rufipogon and japonica accessions with 6C7A and 7C6A subtypes shared a unique PSBZ sequence from those with the other PSID subtypes. Interestingly, temperate japonica accessions with 6C7A subtype and indica accessions with 8C8A and 9C7A contained an identical SNP (173G) in the ORF100. In the ORF100, a unique SNP (447G) of tropical japonica (Ac221) and O. rufipogon (w0630) with 7C6A subtype was also found in one accession (w1186) of O. glumaepatula.
Discussion
The phylogeny of the genus Oryza has been studied extensively by many researchers using genomic DNA hybridization (Aggarwal et al. 1999) , rDNA spacer (Cordesse et al. 1992) , retrotransposons (Cheng et al. 2003 , Kanazawa et al. 2003 , Iwamoto et al. 1999 , Kwon et al. 2006 , SSRs (Ishii et al. 2001 , Nishikawa et al. 2005 , and DNA sequence comparison (Ge et al. 1999 , Zhu and Ge 2005 , Londo et al. 2006 . These molecular data clearly indicated that African cultivated rice, O. glaberrima, originated from O. barthii, and also suggested that two subspecies, indica and japonica of Asian cultivated rice, O. sativa, were diphyletically originated from O. rufipogon-O. nivara complex; however, the detailed mechanism of indica differentiation remains to be resolved because the results obtained from different DNA markers are not entirely consistent. One reason for such inconsistency is responsible for genetic recombination among nuclear DNA markers. Plastid DNA has been considered an excellent molecular marker to analyze phylogenetic relationships in many plant species. The advantages of plastid DNA markers are more reproducible results and simple inheritance where only the plastids from one parent are transmitted to the next generation.
We have studied two plastid DNA markers, a 69-bp deletion in ORF100 (Kanno et al. 1993 , Chen et al. 1993 ) and hyper-variable sites in PSID sequence (Nakamura et al. 1998) , to study the cytoplasmic origin of indica rice. Because the ORF100 deletion (69-bp) was the longest on plastid DNA between japonica and indica, the sequence variation of this region was initially interesting, and the highest frequency of sequence polymorphism was found in the PSBZ region. Comparison of ORF100 and PSBZ sequences revealed 39 polymorphic sites among 14 diploid genome species, representing six genome types. Based on these polymorphic sites, it will be possible to develop DNA markers to discriminate six genome types in the genus Oryza. The plastid DNAs of three CC genome species (O. officinalis, O. rhizomatis, and O. eichingeri) were also distinguished by three SNP sites (Table 2 and Table 3) .
A phylogenetic tree of combined ORF100 and PSBZ sequences was constructed using maximum parsimony analysis of MEGA4 software (Fig. 2) . Both GG and FF genome species were distantly related with AA genome species. In contrast, BB and CC genome species were closely related with AA genome species. Although BB and CC genome species had different characteristics of morphological and physiological traits with AA genome species, many molecular data indicate that BB and CC genome species are more closely related with AA genome species than other Oryza diploid species (Ge et al. 1999 , Nishikawa et al. 2005 , Zhu and Ge 2005 .
In this study, although O. barthii showed the consensus sequence in OFR100 and PSBZ among all AA species, O. longistaminata, O. barthii, and O. glumaepatula, are best viewed as closely related species because these three species share the same sequences in ORF100 and PSBZ, except one or two SNP sites. Because O. meridionalis contained unique variations from other AA species, it diverged earlier from other AA genome species (Zhu and Ge 2005) . It is noteworthy that one accession (w1185) of American O. glumaepatula contained the same PSID subtype (6C7A) and variations of ORF100 and PSBZ sequences with one accession (w0643) of African O. longistaminata. In addition, O. barthii and seven accessions of O. glumaepatula diverged by only one or two sites. These results suggest that AA genome species of South American and African continents had close mutual relationships.
Accessions in the O. sativa-O. rufipogon complex showed more polymorphic ORF100 and PSBZ sequences than other AA genome species. Comparison of PSID and two plastid sequences indicated the following: 1) The 8C8A and 9C7A subtypes in indica cultivars clearly differentiated from 6C8A and 7C7A subtypes in O. nivara, in spite of sharing their identical deletion in ORF100. This result indicates that the plastid specific to indica cultivars might originate from a different maternal lineage than O. nivara (Kawasaki et al. 2007 ). In such cases, the 69-bp deletion of ORF100 might happen independently in the ancestral plastids of indica and O. nivara; 2) Accessions with 6C7A and 7C6A subtypes in japonica cultivars and O. rufipogon shared identical sequences in the PSBZ region but differentiated at two SNP sites (173G and 447G) in ORF100. As japonica cultivars with 6C7A and 7C6A subtypes were respectively classified into temperate and tropical ecotypes (Chen et al. 1994) , these two SNP sites will be useful as DNA markers to study the origins of those two ecotypes of japonica cultivars; 3) In addition, it is interesting that indica shares identical 137G in ORF100 with temperate japonica. It will therefore be possible to resolve whether identical SNPs were created independently in ancestral plastids of indica and temperate japonica or the SNP of the same origin was shared with indica and temperate japonica, after a systematic survey for the distribution of this SNP in the O. sativa-O. rufipogon complex.
There is serious concern to elucidate the cytoplasmic origin of indica cultivar because wild-type weedy accessions (such as w1958 in this study), derived from hybridization between indica cultivar and O. rufipogon, have been distributed to researchers as accessions of O. rufipogon from genetic resources centers. As it is difficult to distinguish between wild accession and wild-type weedy accession, searching for a prototype, not identical, plastid DNA of indica cultivar will be necessary to resolve its maternal lineage.
Asian cultivated rice (O. sativa L.) is the world's most important staple food crop, feeding more than half of the human population (Kellogg 2001) . As the world population is growing rapidly, continuously increased rice production, relying primarily on genetic improvement of rice cultivars, will be necessary. The wild relatives of cultivated rice are useful sources of genetic variability for many agronomic traits. For that reason, they offer great potential for rice improvement (Morishima and Oka 1960) . We need to understand their evolutionary relationships with cultivated rice. Clarifying evolutionary relationships among rice species will provide a foundation for future studies of functional genomics aimed at improving rice production through conventional and molecular breeding technologies (Yamanaka et al. 2003 , Ge et al. 1999 .
